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ABSTRACT 
T he interconversion between the two forms, Glucose-6-phosphate (Glc-6-P) dependent 
(D form) and Glc-6-P independent (I form) , of glycoge n synthetase was demonstrated in 
the normal human e pidermis. T he conversion from the D form to the I fo rm was inhibi ted 
by physiologica l concent rations of glycogen. Conversion from the I to t he D form was dem-
onstrated in the presence of ATP and M g. T he latter react ion was enhanced by 0.33 mM 
cycl ic AMP and was not inhibi ted by glycogen. 
Two forms Glc-6-P dependent and Glc-6-P 
independent, of UDPG-a-glucan transglucosy lase 
(glycogen synthetase) were first demonstrated in 
rat skeleta l muscle by Rose ll -Perez and Lamer in 
1~61 (1). In 1962, Larner and his coll eagues pro-
posed the D (dependent) and the I (independent) 
terminology for the two forms of the enzy me (2}. 
The kinetic differences of the D and I fo rms were 
well worked out by Rose ll -Perez and Larner using 
purified prepa rations from rabbi t skeletal muscle 
(3). Fr iedman a nd Lam er in 1963 showed that t he 
two forms of the synthetase from rat skeletal 
muscle were interconvertible by a mechanism 
that in volved phosphorylati on and dephosphory-
lation react ions ( 4) . It is now ge nera lly acce pted 
t hat the D to I transformation is mediated by a 
spec ific phospha tase and the conversion from I to 
D is cata lysed by a cycli c AMP sensitive protein 
kinase requir ing ATP and M agnesium (11). 
In a previous paper, we reported t hat in the 
normal human ep id ermis containing an average 
of 0.35 !lg glycogen per mg of fresh t issue, approx-
imately 50% of the glycogen synthetase was in the 
I form . On the other hand , in psoriasis, a disease 
where glycogen accumulates in t he epidermis [av-
erage glycogen concentra tion of approximately 1.8 
ll g per mg of fresh tissue (6) ], t he percentage of 
synthetase in the I form was 25% (7). From these 
obse rvat ions, it see med poss ible that in the 
human e pidermis, the amount of glycogen might 
be a controlling factor in regulating t he percent of 
the synthetase which was in the I form . Thi s has 
been reported by Danforth in mouse muscle (8). 
In the present communication, the in terconver-
sion between the D and I forms of the synthetase 
in crude homogenates from normal human ep i-
dermis is presented and a possible role of epi-
dermal glycogen in the in terconversion of the two 
forms of the enzyme is d iscussed . 
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MATERIALS AND METHODS 
Materials. UDPC" Glucose (227 mC/mM, 0.025 
mg/0.5 ml 70% ethanol) was obtained from New Eng-
land Nuclea r, Boston, Mass. Glycogen (shell fi sh) , So-
dium-Glucose-6- phosphate and Sodium uridine diphos-
phoglucose were purchased from Sigma, Co ., St. Louis, 
Mo. The glycogen and Glc-6- P were prepared as de-
sc ribed previously (5). Sodium-adenosine-5-triphosphate 
a nd Cle land 's reagent (dith iothreitol) were obta ined 
from Ca lbiochem, San Diego, Calif". Adenosine-5-tri-
phosphate (ATP) and Cleland 's reagent were dissolved 
in 50 mM Tris HCI, pH 7.8 buffer containing 5 mM 
EDTA to ma ke 0.1 M and 2 M solut ions respectively. 
Adenosi ne 3, 5, -cyc li c monophosphori c aci d (cycli c 
AMP) was obtained from Sigma Co., St. Louis, Mo. and 
was d issolved in 50 mM Tris HCl, pH 7.8 buffer con-
ta ining 5 mM EDTA to make a 6.6 mM solut ion. Mer-
ca ptoethanol (14 .3 M) was purchased from Mat heson, 
Coleman, and Bell , Norwood, Ohio and a 1: 10 dilution 
was made with redistilled water. L-cysteine was ob-
ta ined from Ca lbiochem, San Diego, Cali f". and 2 M so-
lu t ion was made with 50 mM Tris H CI, pH 7.8 buffer 
conta ining 5 mM EDTA and pH was adjusted to 7. 
with NaOH. 
.Enzyme preparations. Skin strips were obta ined and 
treated as described previously to give an enzy me prep-
a rat ion from the 700 x g supernatants of skin homage-
nates (5). 
Assay m ethod (or gly cogen synthetase. The method 
for the determination of glycogen synt hetase activity 
was that described in the previous paper (5). The total 
activi ty was measured in the presence of 10 mM Glc-6-
P and the I fract ion of the enzyme was assayed in the 
absence of Glc-6-P . 
The conversion from the D form to the I form 
a) The ti me course of the convers ion from the D form 
to the l fo rm in the presence of mercaptoethanol: Mer-
captoetha nol was added to the t issue supernatant to· 
ma ke a 50 mM concent ration as discussed by Rosen-
Perez and Larner (9). The mercaptoethanol treated en· 
zy me prepa ration was incubated for 180 minutes at so· 
C. Synthetase activities were assayed every 30 minute 
by removin g a 20 !-ll a liquot for each synthetase assay. 
To eliminate the fur ther D to I convers ion (presumably 
by a phosphatase reaction) during the assay procedure. 
100 mM NaF was added to each assay tube according to 
Rothman-Denes (10). T he synthetase act ivi t ies were 
then assayed in the presence and abse nce of Glc-6-P . 
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b) The effect of va rious concentrat ions of mercaptoe -
thanol on the D to the I convers ion : The enzyme prepa-
rations were in cubated with various conce ntrations of 
mercaptoethanol for 60 minutes at 30° C. After 60 min -
utes the reaction tubes were placed in an ice bath and 
20 J.Ll from each preparation was used for each synthe-
tase assay. The synthetase activit ies were assayed with 
and without Glc-6-P in the presence of 100 mM NaF to 
elim inate any further D to I t ransformation. 
c) The effect of Cleland 's reagent and L-cyste ine on 
the convers ion from the D to I form : Various concentra-
tions of Cleland 's reagent and cyste ine were added to 
the e nzyme preparations and they were incubated for 60 
minutes at 30° C. After the 60 minute incubation pe-
riod, the synthetase act ivit ies were assayed as described 
in the case of mercaptoethanol. 
d) The effect of glycogen on the conversion from the 
D to t he I form s : The enzy me preparat ions we re incu-
bated with differing amounts of glycogen for 60 minu tes 
at 30° C in the presence of 50 mM mercaptoethanol. 
After 60 minutes incubation, the tubes were tra nsferred 
to a n ice bath and 20 11! from each preparation was used 
for each synthetase assay. The synthetase act ivities 
were assayed with and without Glc-6-P in the presence 
of 100 mM NaF. 
The conversion from the I form to the D form 
a) T he enzyme preparations were incubated with 50 
mM mercaptoethanol for 120 minutes at 30° C. By this 
incubation approx imately 80% of the synthetase act ivi -
ties were found in the I form. At this point ATP 2.5 
mM a nd MgCI 2 12.5 mM were added to bring about the 
l-to-D t ransformation and the preparations were incu-
bated for another 15 minutes at 30° C. At the end of the 
15 minute incubation period , the reaction tubes were 
placed in an ice bath and the synthetase activities were 
assayed with and without Glc-6-P in the presence of 100 
mM NaF, using 20 11! from each enzyme preparation for 
each synthetase assay. To study the effect of cycli c 
AMP on the I to D reaction, 0.33 mM cyclic AMP was 
added a long wi th ATP-Mg. As controls, enzyme prepa-
rations t reated with ATP or Mg or cyclic AMP alone 
were run. 
b) To study whether the complete conversion from 
the I to the D form s could be demonstrated in the pres-
ence of ATP, Mg and cyclic AMP, the incubation was 
carried out for another 60 minutes at 30° C. The synthe-
tase activi ties were assayed every 15 minutes wi th and 
without Glc -6-P in the presence of 100 mM NaF, using 
20 11! of enzyme preparat ion for each synthetase assay. 
c) The effect of glycogen on the I to D form conver-
sion: After the D form to the I form transformat ion had 
been estab lished by incubating the enzyme preparation 
with 50 mM mercaptoethanol, 2.5 mM ATP, 12.5 mM 
Mg, 0.33 mM cyclic AMP and glycogen (1.0 mg/ ml) 
were added to the preparation and incubation at 30° C 
was cont inued. At the end of 30 minutes incubation, the 
synthetase act ivi t ies with and without G-6-P were as-
sayed in the presence of 100 mM NaF, usi ng 20 11! of the 
enzyme preparation for each assay. 
RESULTS AND DISCUSSIONS 
1. Conversion from the D form to the I form 
a) Time course of t he conversion from t he D 
form to the I form in t he presence of mercaptoe-
thanol: Figure 1 shows the results of this exper i-
m en t . T he co nvers ion from t he D to t h e I for m 
proceeded in a linear fas hion for t he first 120 
minu tes of in cubation. A plateau was obtained 
after 120 minutes. During t his incuation period , 
t he tota l activity measured in t h e presence of 
G lc-6-P did not change. At t he end of 180 min-
u tes incubation peri od, 67 % of th e synthetase ac-
tivity was found in t he I fraction [If a correction 
is ma d e for t he fact t hat not a ll t h e I form is 
measured when tota l act ivi ty is assayed at pH 
7.8. The !igure for per ce n t I form at t he end of 
180 minu tes is 50% rather t ha n 67%- see legend 
to T ab le II of referen ce (5) ]. 
b) The effect of va ri ous con cen t rations of mer-
captoetha nol on th e D-to-I t ra nsformat ion: En-
zy m e preparations were incubated with differing 
a m oun ts of mercaptoethanol at 30° C for 60 min -
u tes. Table I demonstrates t hat t h e highest D-to-I 
t ra nsformation was obta ined with a mercaptoe-
thanol con centration of 5- 18 mM. Higher conce n -
trations of m erca p toetha nol resulted in a lower 
tra nsfor mation a nd a lso inhibi ted tota l syn t hetase 
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FIG . 1. The time course of the D form to the I form 
transformation. The enzy me preparations were incu-
bated for 180 minutes with 0.05 M mercaptoethanol at 
30° C. The total and the I form of the synthetase activi-
t ies were as ayed every 30 minutes as described in the 
text in the presence of 4.7 mM UDPG, 4.6 mM EDTA, 
0.9% glycogen, with and without 10 mM Glc-6-P, pH at 
7.8 for the total activi ty and 6.5 for the I form activity. 
100 mM NaF was added to each assay tube. E nzyme ac-
tivity is expressed as nmoles of UDPG incorporated per 
minute per mg of protein . 
TABLE I 
T he effect of various concentrations of mercaptoe-
t hanol on the D-to- I t ransformation. The enzyme prepa -
rations were in cubated for 60 minutes at 30° C with var-
ious concentrations of mercaptoethanol. After the incu-
bation, the synthetase activi ties were assayed as de-
scribed in the text in the presence of 4.7 mM UDPG, 
4.6 mM EDTA, 0.9% glycogen, with and without 10 mM 
Glc-6-P, pH 7.8 for the tota l activity and 6.5 for the I 
form . 100 mM NaF was added to each assay tube. The 
total and the I form activ it ies are expressed as nmoles 
of UDPG in corporated per minu te per mg of protein . 
Mercaptoelhanol OuL• No 
/MI 0 ooo; 001 0018 0018 0.047 0 10 0. 20 IOOmM Na F ln cub,a\ion 
Total Activity I.QO l. q4 1.91 1.91 1.61 1.18 0.76 nit t. 112 1. 85 
!-Form Actlvily OJO l.d6 1.40 1.47 1.36 0.80 0.1) nil Oil 0.16 
" 1-form 15.8 75.) Ill IU 814 61.1 :n J - u &6 
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TABLE ll 
The effect of various concentrations of Cleland's re-
agent on the conversion from the D form to the l form. 
The enzyme preparations were incubated for 60 minutes 
at 30° C with differing concentrat ions of Cleland's re-
agent and the synthetase activities were assayed as is 
described in the case of mercaptoethanol. 
Cleland's 
tMI 0 0. 027 0. 057 0. II 0. 167 0. 33 
To/a/ Aclivily I. 98 I. 93 I. 83 1. 94 1.92 0. 56 
/ -Form Aclivity 0. 498 l. 29 1.23 0. 93 0. 94 0. 09 
'lo t -Form 27.98 66.84 67.21 47.94 48.96 16.07 
activ ity . In the presence of 28 mM mercaptoe-
tha nol, the % I activ ity reached its highest level 
of 83% (u ncorrected) of t he tota l act iv ity at t he 
end of 60 minutes in cubation. In the absence of 
any added mercaptoethanol, the I fract ion in -
creased from 9% at 0 t ime to 16% at the end of 60 
minutes incubation period. 
The conve rs ion from the D {o rm to the I {o rm is 
presumably mediated by a spec ific phosphatase. 
F luoride has been known to inhibi t the phospha-
tase reaction (10). The enzyme prepa ration was 
in cubated in the presence of 10 mM mercaptoe-
t hanol a nd 100 mM NaF for 60 minutes at 30° C . 
At the end of 60 minutes the activit ies were 
measured with and without Glc-6-P. Although the 
total activity did not change, t he I form measured 
wit hout Glc-6-P showed only 9% of t he tota l ac-
t ivity (Tab le 1) . This I form activity is s imila r to 
that of 0 t ime activity and is markedly lower as 
compared to the 73% I form obtained by incu-
bating the enzyme preparation with 10 mM mer-
captoethano l for 60 minutes at 30° C in the ab-
sence of NaF. This would strongly indi cate t hat 
the phosphatase reaction was completely inhib-
ited by 100 mM NaF and no t ransformation from 
the D form to the I form had occurred. 
c) Actions of L -cysteine and C leland's reagent 
(dithiothreitol) on the convers ion from t he D form 
to the I form: T he enzyme preparations were in -
cubated with various concentrat ions of Clela nd's 
reagent and cyste ine to r 60 minu tes at 30° C. The 
resu lts are shown in Tab les II a nd III. Cleland 's 
reagent increased t he a moun t of D to I conve rs ion 
in concen trat ions up to 57 mM where approxi -
matel y 67% (u ncorrected) of the enzy me activity 
was found in the I form. Wi th higher concentra-
tio ns the convers ion was less and at 0.33 M there 
was a sudden drop in the I act ivity as well as in 
the total activ ity . 
Although cyste ine increased the total activity 
sli ght ly, its abili ty to increase t he conversion 
from the D form to the I form was sli ght a nd at 
higher concent rat ions (0.33 M) there was actually 
a d ecrease in conversion (Table Ill). From these 
resul ts it can be concluded that mercaptoetha nol 
and Clela nd 's reagen t a re effective in promoting 
the D to I convers ion and cysteine is probab ly 
inetfecti ve. 
d) Action of glycogen on the conversion from 
the D form to the I form : Danforth has shown 
in intact mouse muscle a nd in d ia phragm, an 
inverse re lationship between glycoge n concentra-
t ion and the fraction of synt hetase activ ity in the 
I form (8). In the present study, enzyme prepara-
t ions were in cubated wi t h differing a moun ts of 
glycoge n for 60 minutes at 30° C in the presence 
of 50 mM mercaptoethanol. The resu lts a re shown 
in Figure 2. An in verse relationship between gly-
cogen concentrations a nd the synt hetase acti vi-
t ies in the I form can be seen . During t he incuba-
t ion period the tota l activit ies did not show a sig-
ni fica nt cha nge . It would strongly suggest that 
the D-to-I convers ion, presumably mediated by a 
phosphatase was inhibited by glycogen as was 
reported by La m er (11) and Villar-Palasi (12). 
These relationships between the glycogen concen-
t rations and the synt hetase activit ies in the I 
form are in good accorda nce with those reported 
by us in t he norma l a nd psoriatic ep id ermis (7). 
2. Conversion from th e I form to the D form 
Larner a nd his co-worker have reported that 
when crude enzyme preparations were incubated 
with ATP a nd Mg, the convers ion from the I form 
to the D form occurred (11). T he convers ion could 
not be demonstrated wit h purifi ed enzyme prepa-
rations (11). The enzyme respons ible for this con-
TABLE III 
The effect of vari ous co ncentrations of L-cyste ine on 
the D form to the I form conversion. The enzy me prepa-
rations were incubated with various concentrations of 
cysteine for 60 minu tes al 30° C and the synthetase ac-
tivities were measured as is described in the case of 
me rca ptoethanol. 
Cys teine 
I- IMl 
rota I 
Activity 
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1-Form Acti vity 
% 1-Form 
0 
t. 67 
0. 27 
16. 17 
0. 027 0. 057 0. tt 0. \67 0. 33 
\.7 1 t. 93 I. 87 2. 13 1. 95 
0. 36 0. 33 0. 37 0. \8 0. 098 
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FIG. 2. Action of glycogen on the conve r·sion from the 
D form to the I form. The enzyme preparations were 
incubated with differing amounts of glycogen in the 
presence of 50 mM mercaptoethanol. Incubations were 
carried out for 60 minutes at 30° C. At the end of incu-
bation period, the synthetase act ivities were assayed a 
described in the text and in Figure 1. 
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ve rsion was id ent ifi ed as a kinase, different from 
p h osphory lase- b kinase a nd was prov is iona ll y 
termed " transfe rase I kinase" (13). Recent ly th e 
kinase was reported to be ident ica l with ph os pho-
rylase-b kinase kinase (14). 
The crude en zy me prepa rations were incubated 
' fo r 120 minu tes at 30° C in the prese nce of 50 
m M m e rca ptoetha nol. By t his in cuba t ion, a p -
pr oxima tely 80% (un corrected) of the synthetase 
activ ity was conve rted to the I form . At the end 
of t h e 120 minute incubation period, 2.5 mM 
ATP or 12.5 mM M g or 0.33 mM cyc li c AMP or 
the ir combinations were added a nd t he in cuba -
tion was con t inued fo r anoth e r 15 minutes . 2.5 
mM ATP was chose n s in ce 5 mM ATP reported 
by R ose ll -Perez et al. (9) was sli ght ly inhibitory 
for t he skin en zy me in the presence of 4.7 mM 
UDPG, 4.6 mM EDTA, 0.9% glycogen , wi t h a nd 
with ou t 10 mM Gl c-6-P, pH at 7.8 for the to ta l 
activ i ty and 6.5 for the I form activity respec-
tively. 12.5 mM M g was found to be optima l for 
both for ms of the enzy me. 
The results of the conve rs ion from the I form to 
the D form a re shown in Figure 3. In 15 minutes 
incuba tion , 2.5 mM ATP a lone did not show a 
signifi cant d ecrease in the ac tivity of the 1 frac-
tio n. A s light dec rease in the tota l activity was 
noted . Wi t h 12.5 mM M g, 30% of the I form 
present was conve rted to the D form sin ce t he 
total activity measured in th e prese nce of G lc-6-P 
did n ot cha nge. This dec rease in t he I form and 
presuma bly the convers ion from t he I form to the 
0 fo rm was even greate r in the presence of 2.5 
mM ATP and 12.5 mM M g. At the end of 15 
minutes incuba tion per iod, 50% of the ex isting I 
form was con verted to th e D form. The require-
men t for M g a nd ATP for the t ra nsforma tion 
fro m the I form to the 0 form is most suggesti ve 
that the reaction is media ted by a kinase whi ch is 
presen t in the norm a l human epid ermis. 
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F IG. 3. The conversion from the I form to the D 
form. The enzyme preparation was incubated fo r 120 
mi nu tes at 30° C in the presence of 50 mM merca ptoe-
thanol. At the end of 120 minutes incubation period, the 
synt hetase activiti es were assayed with and without 
Gic-6-P. To the enzy me preparation in whi ch the D to I 
conversion was .established, 2.5 mM ATP, 12.5 mM Mg, 
0.33 mM cychc AMP and their co mbinations were 
added and another 15 minutes incubat ion at 30°C was 
car ried out. The synthetase ac ti viti es at 0 time and 15 
minutes incubation were assayed as described in Figure 
1. 
1.8L~=----'--~ c G+P. c I. 0 mg/ ml glycogen 
l.b ·-- 2.5mfi\MP. 12.5mfl·\ t\\gC iz. 3.Jx to -4 M cyc llc AMP 
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'l. 5 mM ATP. 12.5 mi\\ r11g Cl,?. 3. 3 ~ w ·4 "' cyclic AMP 
2. S m~\ AlP. 12. S mM ~\g Cl2. l.J' 10 ·4 M cyclic AMP 
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FIG . 4. The complete conversion from the 1 form to 
the D form: The I form to the D form transforming 
preparation whi ch contained 2.5 mM atp, 12.5 mM Mg 
and 0.33 mM cyc lic AMP was incubated for 30 minu tes 
at 30° C. The synthetase activit ies were assayed every 
15 minu tes as in Figure l. The effect of glycogen on the 
l to D conversion: To the I fo rm to the D form trans-
formin g preparation, 100 mg% glycogen was added in 
addi t ion to 2.5 mM ATP, 12.5 mM Mg and 0.33 mM 
cyclic AMP. The incubation was ca rri ed out for 30 min -
utes at 30° C. Afte r the incubation, the synthetase ac-
tivi t ies were assayed with and wi thout Glc-6-P in the 
presence of 100 mM NaF. 
Cycli c AMP has been shown to enhance this 
kinase reaction in other t issues (9, 15, 16) . Cycli c 
AMP a lone at a concent rat ion of 0.33 mM did not 
cha nge t he I form activity or the tota l activity; 
however when it was add ed a long wi t h 2.5 mM 
ATP a nd 12.5 mM M g t he hi ghest conversion 
from t he 1 to t he D form was obta ined. At the end 
of 15 minutes incubation, a pproximate ly 60% of 
the I form present was converted to the D form. 
The resul ts would indicate that p resuma bly a 
protei n kinase res pons ible for t he I to the 0 
t ra nsformation is prese nt in the norm a l huma n 
epiderm is a nd is act ivated by cycli c AMP. T he 
conve rs ion from th e I form to t he D form was 
almost com pleted when the I to t he D t rans-
forming reaction was cont inued to 30 minu tes in 
the presence of 2.5 mM AT P, 12.5 mM Mg and 
0.33 mM cycl ic AM P (Fig. 4). 
No inhi b it ion of glycoge n {1.0 mg/ ml) on the 
t ra nsformation from the I form to the D form was 
noted (Fig. 4) . From this findin g it ca n be sa id 
tha t glycoge n concen t rations in the physiologica l 
ra nge (a n ave rage glycogen concen t ration of about 
0.35 J.L gl m g t issue) (7) a re not like ly to a ffect the 
protein kinase dependent convers ion of glycogen 
syn t hetase I to D. 
We should like to thank Dr. F. Huijing for useful dis-
cussions, cri ticism and valuable help with the prepara-
tion of this manuscrip t . 
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